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~~SR SIMULATION OF WMl!QUILIBRIttN PROCESSSS

ABSTRACT

The undorlyiog concepto of ❑onaquillbrirn ●tmtiatlcal ncy’untcs, ●nd

of irrcvaroibla tharsodynamico, will k damcrlhd. Tho qwstion ●t hand
Is thtn, t!w ●rs tho~ concapts to h roalisad In ctiputar slmulatlono of
rnny-prticla cyst-ma? The ●ncwr will be givan for dioolpstlvo dafot-m.a-

tion proeasmos in ●ollds, m thrgm hlararchlcal lovolot hctarogancous
plastic flow, dislocmtlon dy-namlcs , ●nd wlocular dynamics. Application
to tha shock procass w1ll k dlscusstd.

1, STATISTICAL YWNOATIONS

Uo bagln by rlviwl~ tha undarlylq concapta of statlotical mchan-
lcn, both nowaqullibrlum ●nd ~uillbrlum, ●nd of thermodynamics, kth lr.

ravarsiblm ●nd ravsrsiblo. Thcca conccpto ●ro rather old, tnd ●rt hardly

taught In school nouadayol =doubtcdly mny of tha pu~ar htudants will
bc curprload (otsrtlod?) to loam that therm ●xlats● well-c~tabllohad ●nd

lo~lcal framawork for troatimg tanaral nonaqullibrlum p(oc~os,!s. Uhll,
tha ●smantlal polnta will bc cormrad in tht praoont pspar,

‘dd’\!lM’ ‘“-tails can bc found ICI two racant rtforaricas of a ravlw mtur.,.

Noncqulllbrlum Stotiotlcol HcchsnlcB——
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W@ uou inqutra ●but ● nmoquilibri- procoas for ● syntom, #obJoct
to+i$ltiml c-ditionx ●d boandcry coaditiow on the ~ncm distribution
f(r,p,t). For ● mccrly idccl gaa, tbs procoss w1ll IM c~~l$tmly daacribod

~ tbo Boltm~ ●quctia, filch giw~a tbx tvolutiom of f(r,p,t). Tbl# ●vo-
Iutiom i- conalotant with connsrvatlon of M@sO ~ntum, mid amrgy, ●od
●lao cootaioa ● tim-lrrovaroibla tam, Mmcly tka CO111O1OU lntogral. ?or ●

noagRsaouD @ystno thara baa mot ●t prtsant axist ● transport cquxtlon capc-
bla of dascrlbi~ tha ●volutiam of tha ~nt- dlstrlbutlom. For such ●

@yst*m, ● Parttal dcacription of ● nomquilibrium proc~oa 1s obtalmod frm
th~ .riuatloaa of comtinum uchcnico, which ●ra tk ●quations f~r conoa~va-

~ip of U-S, pcutu=, ●nd ●nargy, locally ●pplied to ths donaitlos p(r,t),

v(r,t)p ●nd c(r,t). Tha contiau- machanic ●quatlonm ● rg ●lwaya corroct, but
thay ●lono ●rc not sufficient to datarmina ● procamm.

Equilibri~

For unlforu boundary condltlonm, ●t. ●n Imolatod syotom with a fixad
voluum, thm syotcm will ●ppracch ●n ●quillbrltm state. 10 diacusslng ●qni-
llbrium, W- taka th~ nmn mlocity of tha syctam to k mro, or ●ISC trana-
forx to cmtar-of-mcaa coordlnatas, thui ●Laminating one Pcramatar. Than for

● rnmrly ideal gas, tha Boltsmann equation tollm us that tha quilibrium w-
■antm distribution Is constmnt+ln spaca ●nd tlm, ●nd 1. moraly a function
of tho wrnntum wgnltuda p = p , and of two scalar pramtars @ ●nd pI

fo(PJll,P) - C(p,p) ●
-~p2/2H

c(fl,p) im ● normlislng function,

Than ~ turns out to bx rolatod to

. (4)

such that tha ●yatcm d~nmlty la p,

(3)

tha kinatlc @.nargy danoltyt

(6)

At thic point, it la worthwhile to racall tha ralatlons ●mong tha whola
family of ●qulllbrl- thoorloa. First, tha Boltmxcnn ●qullibrlum limit is

●qulvalont to tha onaambla theory of oqulllbrium statistical mchanlcc. ma
Bolts-nn distribution fo(plfl,p) aorraopmds dirgc:ly to tha cmnonical ●n-
sambla , in which phaaa-apaca •vara~os r. prfor~d for ● fix-d danstty

with th~ aanonical waltht fuactlon ●
-PR* Equtllbrl!m thormodynamlco (which

la oftwi c~llad “tharmodyncmlcu” for short) la mcdo ●qulvalsnt to ●qutllbrium

●tatlntical mxahanlcm through tha idantlficatiom of ~ w~th the tampmratura TI

P1“~T ‘

I

(7)



f(;) - fo(Plp,p) + bf(;) , (8)

whoro bf(~) CAO h traatad 6s ● prturbti~. Hcnc@ f(~) 10 still rastrietcd

to ● vary small prt of th, total functloo ●peal it 1s C1OS. to tha ●qul-
llbriw curfaca. Within chlo ro~lon, Iwuemr, tha ●quilibrium qwantltlas ● rc

dsflncd spp roximataly, ●nd tba tbcr-odyummlc relations ●- tha- qwantltias

still hold ●pproximctaly. This to tha ration of irravcroiblc tharwdynam-
ico. In othar wor6c, ●n irravcrslbla-tha~dyoamic procaoa IS om which

Psooo through stat.- which ● ra sufficiently clofim to equillbr:om ● thar tha
thcmdymmmic quntltics can b ■mnin~fully daflnad. Irrcvaraiblc thsme-
dyacmica thus mprasants ● very -11 part of tha theory of oomqullibrium

●tatlotlcal Hchanlcs.

Irravarslblo thcr=odynamics is charactarlsad @ dlosipatlva forcm-flou
procascms. Tha force-flm r*latlon is callad the conatltutiv9 ●qwtlon. For

●lAmpl*, 10 hsat conductiw, tho forco la th~ tomparatura gradlant ?T, tha
flm 1s tha heat current j, ●nd the constttutlva ●qwtirm 1s

3 . . K?T , (9)

whore i ic tho thermal eouductlvlty of tha ntarlal in quostlon. Mot* tlut
conotltutlw aquatlona ara not cootalrmd in ●ny ●qulllbrlm thaory. Tho dio-
slpation prcducos ●ntropy; in tha caaa of haat conduction thlo 1s glvan by

TdS-&/, :10)
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11. WLKULAB DTWAHICS

Ordiury m

Thro ●rc two ~ of diffarancas Lmtwaan ●n ~ calculation ●nd real

~tura. W first typa of dtffaranca is in the intarat~lc Potentials, which

wc mvar know ●xactly. Tha ●acond t~p Is dua to computar ●rtlfactm, i.a.

o~clflc proparcioo of tha c-putmr ayotcm which ● rc not praoant in natu._o.

Thlo lncludoo smll-N cfforcal in matural systams N is ●tomou?, while on



For ● rI ordingry IUI syatam of 686 ●dlu= ●toms, tho crolucion of tho
kin-tic ●naro is shown lo ~i~uro 1. W calculatim was otartcd with tha

stmo at ha oquilibritm oitasof ● kc Lattica, ●nd with ● randm Mxwallian
valocity dlttribution. Whm tlw syct~ C-O to equilibrium, i.a. wttm tho

man ●nd bandwidth of ch sigoal baCM ●saontially constant, tho -i- 10
in the fluid ph#O. wila thit is ● ordimsry cvoryday graph of ●n ordimry

FtD run, ic Is to m ● fascinating rcoult. ?re ● oamquilibrium initiaI

●tata, tk c09putar ●nd ●btabllohao ths corrolatims ●ppropriate for
tho fluid Wuilibriwm stat-. it la ●t laaot Posslbla that the

ti~ocala of tha •Dpr~ch to ~uilibrium, ● s oacn in Pisurc 1, is a physical-
ly -anlnSful rolasation tiu for real ntallic sodium.

Exotic HD

Uhllc it it ● difficult problsm to ●ffactivaly simulata rutura on ● com-

putar, it Ic no troubl~ ● t ●ll for tha comFutcr to do things which ● ra quitm
bayomd mtura’o w ldect Iwgination.

!
It is thio clrctmotanca which has lad

to rha mtatcmcnt,

~horw umod to E-s two raalitiat in tha world of physics,
Exprisanc and Theory. Mm Chore ●rm throa, ●nd tha third ona

it TIIa -putar.”
Of couroo, tha cmputor’o rols is ● la~itimta om, ● nd tlw c~putor will ba

of ●normouo h~lp to us in mny-part!clc problamo. Tha point which will
●lways roquiro cara is in propsrly intcrpratlmg what us do with tho
co~putor.

An mtlra flald of nonmqullibrlum ~lacular ~~mlc. h, t-aan dawalopad,
lmrgaly from tha plonacrlnS work of lill Hoover. Hoover’s tachniqua is

to ●pply mmcromcopic forcas to the MII oystam. fr- an ●xtornal mourco, or
throuch cna boundary conditions , and ●loo co modify tha ●quationt of ■ot ion
by tha ●ddition of frlctiorml forcos ●ppllad to tha individual Parttclcs.
The-a tw ●ff~cts ●rm thmr balanced OO that ttw ~ systm ramains in ● ❑on-

●qullibrium otaady stat.. In thio way, tha #yst*m bahawlor can b aimulatad
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* raplaca tha ●ntiro slip plana of tha dislocation by ● ●haar band, ● s

illustrated In tha drawings on tha rishr. of Fixura 2. Uhon tho m-a #hoar
stroru z 1s appiiad, tha crystal daforno tactically, with ●xactly the sam,
●laatlc strain ● m bmfOr*, Elamtlc forcam arm ●&aln premant throughout tha

cryatsl, supporting clsstic strain ●v~ryvharo ●xcapc in tha rhaar bmnd, whar@

tha elastic forcas drlvo ditlocationm. Again tha top half of tha cryotal
slldos over tho bottom half, but now the sliding 1s procummblv much factor

It 1s usaful to contraot tha bmhavlor of ● fluid with that of ● #olld.

For @ riotous fluid thara is only OM strain varlablo, namaly tho total

●train, ●nd tho conttltbtiva ralatlon sat- Lho chaar stress proporclonal to

rl ● mhaal ● trmintato. Tha fact that fluld bahavior float not contain ●n inda-

pandant plaotlc strain vmrlabla ic ●ufflclanc to thou that ●n ●lastic-plaatlc

solid cannot k rcptasantad by ● fluid. Consldar ●gain tho crystal llluE-
tlatod in ~l~ura ?. Tha dlawingn m thm riCht arc -till corract if thu shear



Am ● str_ary of tha mcroicopic th~ory of hctaroganaous plastic flow, we
list tha cootntisl input ●nd output of this thaory. Tha input 1s the
complata sat of couplad dlffaroncial ●quations, t~cthar with tha appropriate
mtorial proptrtlco, namaly the tharmodyn.amlc and constitutiwa data. Tha
output it a dascripcion of ● ncroocoplc flow procaam, ● s ●.C. a shock
procamm.

L..l
r +



Dioleratloa D-fn.9mics

Us - want to slmulata solid da fo~tlom m ● diffarant Iarcl, Mmaly

~ #tudylng tha -Lion of imdlwldual ditlmtimo. To do Chia, M conmtruct

● ccaputcr -dal of a rystm of dltlocat lono ● nd obotaclaa, tin illuotratod

In ?i#ura 3. Tha obstaclca my k any @yoically ●ppropriate tmrrioro to

dislucotla mntion, including othot dlnlocatlons. To calculate tha di#loca -

Clm dymmicm, - tars to ecnatruct ●n oqu.at ion of -tlon for tha dlaloca -

Ciorlc. Tha ●quatirn of motlcm contmi.rs ● driwlng force, which raoulcs frrn a

straoo ●ppliad to tha rntarlal, and R dialocatimr llno tanslon, find tarma ra-

prasanting Intarmctloru with cha barriorm, includinI brriar Panatration pro-

bbllltiac. Tna quaticn of mtion can #loo contain ● dislocation dra[ tar=,

●ad nch.anlsms to ganarnta ●nd ●nnihilate dislocatlonm. The procadura thmn

lB to nmricclly lntagrmta tbo quatlor of WC1OLI, to ●imulata tho disloca-

tlom dymamlcb. Roalittlc simlntiono for otoad~-otatc fltwo can b-a ● ccom-

pllchad with currant smputcr to hn~-JOIY; ouch ●<mulation~ ● re rapramantad oy

tha work of Schuars ● nd L.mbuoch.

In ●u_rT, tha ● snantial Input ●nd output for tha computa #lmulatlon

of dlolocatla dynamico io am follown. Tha input conni~tm of ● dialocatlon

●quation of mtiun, ●nd tha tuoic propartiaa of ● dislocation or dislocation

syatam, Mmaly Its ●nargy, lto lntaractlon with ●ll sorto of barrimrm, ●nd

its &anaraclon ● nd annihilation uchanlc=o. The output conciotc of tha pla--

tlc constltutivo propartlam of tha material, in tcrmc of dislocation dansity,

tha Mtura of tha barrlart, tha tamparmtura ●nd #o on. Thlo output inform-

tiom bocomm the inouc for a hetarop,anaoum plaatlc flow caiculmtlon.

Atomic ~mic#

Tha ultimata laval on which on- can simulate ●olid dafornation is tho

● tomic Iev*l. ?igura 4 illu-trata- chc arrangammnt of atom~ on tha croma-

ctctIonal plsna of #n ●dIa dialocatlon in ● slmpla-cubic lactico. what W*

would llka to do la conmcruct a chroo-ditinmionm 1 myntem Ur ● tomm on the com-
putar, in tha ●rrangmmant of a cryntal latt’-a containing a singla dimlocs-

tion, then mpcclfy tl>a ~cantlbln of Intarmcclona ●mong tha ●toIa, and calcu-

lata tha motim of tha atomm in tbc myntam. ‘l%io 10 in fact an ordinary MD

~lmulat ion, ● J W- dlocu-red in Smrtion II. What un b-a laarnad from such ●

●

f

~ 1s tha forca par unit lancth on ● dltlocatlon,



simulation First of ●ll, for tha #tatlc Lmttico, which raprcs~ntm a crymtml 9

● t scro tm=parmtu- but without zaro-point mmcicm (sInca tha chaory is clas-

slcml), ma can find h- the atoms relax thalr psitlms ●round ● all-loc-

ation; hmca tha dlsloutiem CON ● cructura ●ud ●nargy cm k calculated. In

tha mama Way, tha structure ●nd amargy can ba cmlcalatad tor ralatod &fact

conflguratlons, ●uch am dimlocatl- jog- ●nd dislocation partials. Furth@r,

cha cffact of tctt~rature cm thasc dafact configurations Mn b studlod by

doing ordinary ~ simulmtlonc ●t flnita tamparmturcc, right up co Che mmlting

tmmpxratura of tha ~tarial rmdcr conmldcration. Om can apply ● shaar

stra-~ to tha KD system, ●nd watch tha dlslocatioa Mm. Tha lntcractlon of

a mwlrrg dislocation witl[ tha I.attica cmn thus b studlad. FIMlly, in prin-

clplm, tha Interaction of ● dislocation with ●n impurity, with ● point

dafact , or wit’1 ●nether disloutlon an bm datarminad by mans of ordinary ~

■lmulatlons.

Such alculat’oas ● ra ●crormously difficult. l%ay ● ra dlfficulc for two
raamonmm In chs first place, thr ●lastic daforamtlon of tha lattlcs around m

di-locmtIon 1- long ranta, hanca chc ● tomic simulation of a dislocation ro-

quiras nn ●xtromml~ lnrgc crnputatlonml call. Prasant-dmy computar ta:hnol-

ogy is Just barely ●blo tc do a raalistic all-location ●iuulatlon. Sacondly,

wc ●ran’t quits sura of ha to construct tha lntcr~comic potantlals which

oparate ir, tha region of ● d-fact. To ●xplaln this problcm, c ciisld.r Impl.

●atalc, for which psaudopotaccIal ~rturbatlon thaory *PP1lQS. Tha Qff*c-

tlww potantial batwaan ions oparntan through tha conduction clactrons, and

tha conduction ●lcctron dansicy 1s nanrly conatanc In spaca. Thi~ thao
D

gives ua good pntontials for~,~hg vibrating ionm In ● no~dmfact crT~tal, up

to tha,nltlng tampmratura, ●nd ●von for the roving ions in tho

fluid, Howavar, if u dafact i- prasant in ● cryctal, tha conduction ●lQc-
tron dcnmity ■ight hawe ● Iarga rarlatlon in the vicinity of thm dafoct; if

this happens, WQ do not know h- to ulculato the intarionlc potantlal in
that ragton. Tha intarionic potontlal than ham to ba found tolf-conaimtantly

wlch tho lonlc structura. Thlt la a problam which I raconand to tha

chaori~ts.

In -pita of tha difficulty of doing compucar simulations of di~locatlona

on the ●tomic leval, thlc tachnlquc offar~ grant proniia for laarning ●bout

● 00000

● ● 0000

● ● 0000

● aeao

● *0*0

● e@e@



atomic propartics of dislocation in th* futur~. Currant stataof the art (S

raprasontad by tim woe% of vitak and collaborators, who havo slmilatod tht

~f;~y~~~c~yra ●nd tb -tlon of dlaloations in bcc ntals and in ordarod

In the- calculation, tha Ioq rant- defomxtion of tha lat-

tica in di~ctions tran-mrsa to tha dislocation lint is raprasantad try
●lastic-conttnu~ bnundmry condq’ions for ● tou outside thti computaciortxl

Coil.

In •~ryp the ●socntial input for tha ●tomic mimulmtionof disloca-

tion 1s tha ●tcmic aqustlon of motion ●nd th~ Intarato=ic pocmtials~ tha

output is tbm basic pro~rtias of ● dislmcatimr h thx crystal, its ●nargy

●nd it. int~racticms with tha httice ●nd with othtir dafactm. This output

information bccoaas thm input for dislocation dynamics simulations.

IV. APPLICATION TU SHOCKS

Naturo of ● Shock in ● Solid

Lat us first considar sound wav~s, which in first ~PProxiMtlon •r~ ●di-
abatlc ●lastic wavas (whoro ●diabatic ● aana laentroplc). Uhm ● mxll-ampli-

tuda ●lamtlc wnve is g~naratad In a solid, ● largo nunbcr of dismipativa pro-

caeaaD ara driven. ?or ●xample, bccausa tha local dansity ●nd tomparatura

vary in the praocncc of ●n ●lastic wave, tha conduction ●lactrons ●nd tha

phonona ara continually changing their distributions in an ●ffort to mtay in

●quilibrium, ●nd this procmos lE dissipative. AISO ~CaUSQ of th* 10C~l tam-
paratura gradianta, thara Is dicsipativa haat conduction. ma ●ound wave

scatters from dafocts, i=puritlas, and urain boundaries; tho fraa sag=mcs of

plnnad dislocations ●re causad to vlbrata; domain walls ● ra cmuaad to ■eve;
thas~ ●nd msny othar dismipmtivo procassam are drlv-n by ●n •~amtlc wave in ●

solid. But the Important point is, for a small-amplitude alattlc wave in a

solid, ●ll of tha dissipation ●ffacts ● ra mall. W- know this from tha fol-

lowing slmpla observation. A real ●ound wfiva, in tha monic or ultramonlc

fraquoncy ranga, 1s ●n ●dimbatic ●lastlc wava clothad with ●ll tha sccompallv-

ing diasipatlva processam. And rail sound WSVCE In oolijs normally travel

for ~ny wavalangtha without significant ●ttanumtion.

Tha nmt,!ra of ● mhock in ● ●olid can ba aaan by contrasting a shock with

● sound wave. For a mound wava, WO can neglact dissipation ●ntlraly, ●nd

@till h~va tho ●ssont ial physics, in tarmo of rowrsibla tharmoalastlc

thaory. For a ●hock, tha dlsmlpativa trantfar of -chanical work into haat

is ●n ●nmant!al part of tha procasc. SInct in a solid this tranafar takes

placd by plastic flow, wc conclude that otr~ss ralaxatlon by plamtic flow has

to occur In tha ●heck front. H@ra, plaotlc flow 1s used in tha ganaral

●enme, co lncluda mtramm-rmlaxlng structural changam, ●uch ● a twinning.

Othar charactarlstlca of ● chork, ●uch ●m the praaancm of an ●lactic (or

~rtlY .laatlc) prac”r.or, ●nd tho prmsanca of discipatlon m+char.isms in

●ddition to plnstlc flow, should not obscura tho fact that tha ●xist~nca of

plastic flow 10 crucial to tho shock procacm in ● solld.

HataroCanaouo Plno:lc Flow

A faw yaarm ●~o, wa ●ppliad tha cOntlnuum ●quatlOnm of tharmOal~mtic-
plamcic flow, In ~~:,~olid-dominant nodol, co tha procass of waak planar

shockrn in solldm. Tha atmumption rnda in this ●pplication lC Chat

tha #pSCO- ●nd tlmc-scalaa of the hataro~onoitiao in tha plastic flow ● ra

#mill comparod to cha spaca- ●nd tima-scalts of tha shock procaca. If this

wara not tho cama, tha chock wava would braak up Into dlffaront mtructuran ● t

dlffarant locations, on ● pltna of constant distanco from tho impacc

murfaca . In tho vi-a. cxparimants on 6061 ●luminum, 34 thcra ,rs no Indica-

tion of such microscopically lnhomo~onoouo wava ctructura, within tl,a spatial

10



●nd tamporal rosr,lution of tho inmtrumnt. It was therafora ●ppropriatc to 11

●rulyso thacc ●xpmri~nts with tha ●bovm ■cntionmd theory. In particular, by

combining tha ●xpmrimontal dmta with known tharmmmlastlc propcrtias, tha

plaotic comstitutira bahvior of 6061 ●luminum, ●voragad owsr thm ●hock-in-

duced hacoroganmitlos, was obtainad.3~ This ●mmlyols is difficult, nnd is

subjact to ● rrors In tho numerical intagratlon, ●nd ● rrors lo tha input ●x-

perimantal dmta, but rmt ■igniflcant ● rrors in tha underlying theory.

Cram has strasoad the ●xl ~~:~ge of shear -bmnd ctructurms lrI memples ra-

cowarad from shock ●xparimants. In tho cmaa of ●l~inum, and 6061

●luminum, tha spetialscale of thaso ■ t ~~turaa

lass thmn tha width of the plastic warn.

•PP~rC to bm of ord~r Or

The ●xietcncm of ahaar bmndm hat

lad Grady to propose for tha chock process a sat of qumt{ons which ara wre

reprcsmntatlva of fluid bahawlor than they ● re of solid bahavlor. Let c

danoto tha total cnmprasslon induced by the shock, th comproosion in the

Hugonlot ● tata. For ● solid, c contains both ●lamtic ●nd plantic contribu-

tion-, hanca c Is not the vmriablt for ●pacifying plaetlc #train, nor plastic

dlatipmtlonr ● s Grady doos (Raf. 35, ●qs (1) ●nd (3)). For tha •nar~ dissl-

patad in a wamk shock, Grady uses fluid chcory (Raf. 35, ●q. (3)), which

‘~v~::rjl:’~~tim “f
39

ordar C3, w Ila for a eolid the dlssipatinn is formel-

, am wa have mhown.

In tha weak shock regima, the docraasc in shock riaatimm with lncraasing

shock strength is ● plastic strainrate ●ffmctt highar shear mtressoa drlva

plastic flnw at higher ratoc. By ●xtanding ~~:,~qu.tione of tharmoelasclc

plastic flow to overdrivan shock~ in metals, wa ●xpact the rlsatime

to be of ordmr 10 ’12S for shocko up tO ● f*W Hhr. WC arc also ●bla to chow

that heat tr nsport is nccaosa~ for tha existanca of ●n ovardrivcn steady-

“.”, .hock.’~ ?imelly, for shock strengths above a fmw )lbar In mtmls, Lha

●lectronn ●nd phononm will not be ●bla to ra ~~yon.ar ●qullibrium, ●nd hance

irrevarslble charmodynxmlcs will break down.

tlD Simulations

Thera hava baan n number of computar slm la Ions of supportad wavas in
4Y.. !+

one.dimensional chainm of intaractin~ atomm. Thmae wavas ● re ganeratad

by almulatlng planar impmct ●xperiments; such ●xperlmenta Ranmrate ●hockm in

raal mar.ariais. But tho computar simulations gmrmrata ❑onateady wave,, char-

●cccritad by ● continually growing IenCth of nonequillbrlm material immedi-

acaly following tha wave front. This reoult hms lad to tht suggamcion that

the staady-wava Ju p conditions cannot
47

bm umad to interprat ●xparimantm on

ahockm in sol~dm. But #uch m conclualon is not warranted, becauae wavao fn

● ona-dimon~ionml ●tomic chain hava no plastlc flow. Th* computor-cimulatod

The san sicuaclon can ●ppaar in computar-~aner~tad waves in threa-

;:::F?1OM1 la’t’c*’”
Thus, tha computsd nonstaady profilam of kcDonald ●nd

ara not ehockm, and concluaionm about raal @hocks in raml mmterlmlm

cannot bm drawn from thasa computar simulat lono. But ● raallatlc shock cen

be Eanarmtad t~ ● t rea-dlmanslonal lattice,
,!

as shown by Lha simulatlonm~

Holian and Straub. For ● efficiently @troni compresslonal wavn, ● highly

spaclfic ❑ode of pactic flow in drivan, namaly ● Ctrass-ralaxing dlasipativa

structural traneitlon. The rm-ultlng wava structure is ● decayl g ●lamclc

pracuraor, followad by ● plattlc comprmsslon to ● otmady stata.
4?

Finally, we note that MD simulation of dlseipatlwa stramc-relaxing flow
in ● VISCOUO fluid is In principla ■uch simplar than for an ●laatlc-plaatic

crymtallina oolld. Thi# 1s hcausc VISCOUC fluid flow occurm on tha ● tomic

sctla, whlla plastlc fi~ uoually occuro on tha scale of dimlocationm.

H*nce, computer mimulationa of #hocks fn fluit
‘r” “r’”dr7! 2flre”e0nab1y

good agrocmant with continuum lrcovcralble tharmrd~nmmics.
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